Variability of large-scale and regional South A tlantic circulation is investigated using TOPEX/POSEIDON sea level observations. Interannual variations are identi ed from empirical orthogonal functions of gridded sea level elds, year-to-year uctuations of root-mean-square sea level variability, a n d v ariability o f A g u l h as eddies evaluated from the a l o n g-track d ata. Two modes of variability a r e i d enti ed. A basin-scale mode i n dicates that s e a l e v el in the eastern South A tlantic underwent a transition from a state o f h i g h s e a l e v el and e n h anced gyre-scale geostrophic circulation in 1993 and 1994, to a s t ate o f l o wer sea level and more sluggish circulation in 1996. The dominant m o d e of basin-scale zonal wind h as the s a m e t emporal signature, suggesting a link between the observed variation of gyre-scale circulation and t he regional wind forcing. Time v ariations of this mode also coincide w i t h a transition from a broad Agulhas eddy corridor observed in 1993 and 1 9 9 4 t o a n arrower corridor observed in 1996. The input o f s a l t a n d v orticity t o t he S o u th A tlantic subtropical gyre via Agulhas eddies may therefore be partially controlled by i n terannual variations of the w i n d-forced, large-scale circulation. A second m o d e i s o lates interannual variations in the Brazil-Malvinas Con uence region. During 1993, eddy variability along t he Brazil Current extension was relatively strong and v ariability along t he c o n tinental slope was weak. The o pposite p a ttern was observed in 1995. These variations may be related to i n terannual variations of the l a titude o f t he con uence. While variations associated with b o t h m o d es are smaller than those observed on seasonal timescales, these interannual variations contribute signi cantly to t he t otal South A tlantic variability. 
Introduction
Like o t her midlatitude oceans, the dominant feature of South A tlantic circulation is anticyclonic ow around t he s u btropical gyre (see Figure 1) . However, in the South A tlantic, this pattern of gyre-scale ow is particularly strongly in uenced by i n terocean connections, which play an important role in the t hermohaline circulation Reid, 1989] . Interocean exchanges permit the t hermohaline regimes of neighboring oceans to i n teract on a variety o f t imescales, from the high frequencies associated with m esoscale features, to seasonal, decadal, and l o wer frequencies. External forcing f r o m n eighboring ocean basins may induce variability i n t he S o u th A tlantic boundary currents. Thisboundary current v ariability m ay, i n t urn, induce changes in the full South A tlantic subtropical gyre. Studies of the gyre-scale circulation and o f l o wfrequency variability i n t he b o u ndary current r e g i m es may therefore provide i n s i g h t t o v ariations of the t hermohaline circulation.
From a time-mean perspective (see Figure 1 ), the subtropical gyre of the S o u th A tlantic acquires the coldest forms of sub-Antarctic mode w ater and A n tarctic intermediate w ater from the P aci c in ow within Drake P assage. At t he Brazil-Malvinas Con uence, the s h arply contrasting circumpolar and South A tlantic thermocline w aters form strong frontal features and e n ergetic eddies Peterson and Stramma, 1991] . Warm, saline t hermocline w ater, a somewhat w armer, more saline form of sub-Antarctic mode w ater, and Antarctic intermediate w ater are drawn from the I ndian Ocean at t he Agulhas Retro ection. The i n terocean ux at t he A g u l h as Retro ection is accomplished by s h edding of large rings or eddies of Indian Ocean water at t he Agulhas Retro ection van Ballegooyen et al., 1994 Lutjeharms, 1996 . These eddies drift westward across the S o u th A tlantic near 30 S Byrne et al., 1995] . In the Cape Basin, the B e n guela Current thermocline w ater between the eddies is laced with Indian Ocean water Gordon et al., 1992] , which m ay be introduced by l a m ents of Agulhas Current Lutjeharms and Cooper, 1996] and b y dissipation of Agulhas eddies Byrne et al., 1995 . The Benguela Current t urns seaward as the S o u th Equatorial Current, which bifurcates at t he S o u th A m erican coast near 10 S i n t he surface layer and n ear 25 S a t Antarctic intermediate w ater depths. The northward owing branch w i t hin the North Brazil Coastal Current e v entually crosses into t he N o r t hern Hemisphere, representing another vital interocean link of the South Atlantic.
Until recently, s t udies of the t ime-dependent v ariability o f S o u th A tlantic circulation have e i t her focused on small regions or been based on short records of large-scale variability. S a tellite d ata s e t s greatly improved this situation, particularly with regard to resolving large-scale, low-frequency variability Fu, 1996] . Previous studies of South A tlantic circulation demonstrate t hat o w w i t hin this basin varies on a wide r a n ge of spatial and t emporal scales. Geosat observations indicate t hat sea level near the BrazilMalvinas Con uence varies on annual and semiannual cycles, with strongest eddy energy occurring i n s o u thern summer Provost and Le T raon, 1993] . Estimates of the l o c a tion of the Brazil-Malvinas Con uence inferred from Geosat a l timetry indicate t hat t he l a titude of the con uence shifts b y a p proximately 2 over the course of a year Matano et al., 1993] . The con uence reaches its most southerly (northerly) point i n southern summer (winter) when the transport of the Brazil Current is strongest (weakest). This annual modulation may occur in response to seasonal shifts in the S o u th A tlantic atmospheric high-pressure cell and seasonal variations in the transport of Antarctic Circumpolar Current w ater northward into t he Malvinas Current Matano et al., 1993] . Semiannual and interannual variations of atmospheric pressure may produce similar modulations in regional ocean circulation both Matano et al. 1993 ] and Provost and Le T raon 1993 ] note a di erence in regional circulation inferred from each y ear of Geosat observations. A q u a n titative e s t imate o f i n terannual variability i s , however, di cult t o o b t ain based on only 2 years of data.
In the A g u l h as region, seasonal variations are weaker, possibly owing t o t he l a c k o f a d i s t inct annual cycle in the w i n d e l d Pearce and Gr undlingh, 1982] . Time-dependent v ariations in this region are more often attributed to semiannual variations of the wind F eld et al., 1997] or to i n termittent formation of eddies at t he Agulhas Retro ection Garzoli and Gordon, 1996] . Altimetric tracking of Agulhas eddies, analysis of thermal infrared imagery, a n d e v aluation of hydrographic data suggest that b e t ween four and nine A g u l h as eddies enter the S o u th A tlantic each y ear Duncombe R ae et al., 1996] . The possibility o f i n terannual uctuations in Agulhas eddy transport cannot be ruled out Goni et al., 1997] .
Low-frequency variations of Agulhas eddy production may have important rami cations for the t hermohaline s t ate o f t he South A tlantic Ocean. Water mass analysis demonstrates that t hese features contribute to t he salinity balance of the A tlantic basin Gordon et al., 1992] . Variations in the production of Agulhas eddies may also induce time-dependent c hanges in the ux of eddy vorticity a c r o s s t he s u btropical South A tlantic. As suggested by Byrne et al. 1995] , this ux may contribute signi cantly to t he v orticity budget of the Brazil Current, with t he p o t ential to affect rates of eddy formation and mixing a t t he BrazilMalvinas Con uence. Such links between circulation in the eastern and w estern South A tlantic indicate t hat variations of South A tlantic circulation must be considered for the basin as a whole. The sampling provided by s a tellite a l timetry is ideally suited for this task.
In this study, w e a n alyze TOPEX/POSEIDON (T/P) sea level observations of the S o u th A tlantic basin to improve u nderstanding o f t he link between the large-scale and m esoscale components o f t he s u btropical gyre circulation. This work addresses the f o llowing q u e s t ions from an observational perspective: (1) What are the m o d es of low-frequency variability of the South A tlantic subtropical gyre? (2) Is there an apparent link between low-frequency variations of the gyre-scale circulation and l o w-frequency variations of mesoscale eddies? (3) Do low-frequency variations of the e a s t ern and w estern boundary current r e g i m es occur on the s a m e t imescales? (4) Within the e a s tern and w estern boundary currents, is there an apparent link between low-frequency variability o f t he boundary currents a n d l o w-frequency variability o f mesoscale eddies?
One o f t he u nique aspects o f t he T / P d ata s e t i s the more than 4 years of observations currently available. The l e n gth a n d quality o f t he T / P d ata s e t i s a s u bstantial improvement o ver data a vailable from previous altimeters see Fu e t a l . , 1994] . The s p a tial and t emporal coverage available from T/P is also far superior to t hat a vailable from in situ sampling programs. The T / P d atabase is extremely well suited for investigations of large-scale, low-frequency ocean variability.
The b o d y o f t he paper is organized as follows. In section 2, we d escribe the T / P d ata s e t a n d our ltering t echniques. In section 3, we d escribe the s p atial and t emporal variability o f t he basin-scale circulation and of circulation in the eastern and w estern boundary current regions using empirical orthogonal function (EOF) analysis. The frequency content a n d year-to-year changes of root-mean-square (rms) sea level variability are then presented in section 4. The contribution of Rossby w ave propagation to v ariability in the i n terior of the S o u th A tlantic subtropical gyre is discussed in section 5. Year-to-year variations of Agulhas eddy propagation in the i n terior of the g y r e are discussed in section 6. An intriguing r e s u l t o f this analysis is an apparent relationship between variations of the large-scale gyre circulation and v ariations in the trajectories of Agulhaseddies. The r o l e o f w i n d forcing i n t his multiscale interaction is explored in section 7.
Data Processing
The T / P d ata u s e d i n t his study are a processed version of the M erged Geophysical Data Records (MGDRs) obtained from V. Zlotnicki and A . H y ashi of the Jet Propulsion Laboratory. This data set was derived from the P h ysical Oceanography Distributed Active A r c hive C e n ter (PO-DAAC) MGDRs (T/P cycles 1-132), the Archiving, Validation, and I n terpretation of Satellite D a ta in Oceanography ( A VISO) MGDRs (POSEIDON cycles following cycle 132), and t he PO-DAAC G e o physical Data Records (TOPEX cycles following cycle 132). Along-track sea level residuals were computedfromthe G e o physical Data R e c o r d s (GDRs) after applying t he J o i n t G r a vity M o d el 3 orbits a n d R a p p m ean sea surface. Estimates of the ionospheric range delay, w et and dry tropospheric range delays, and i n verse barometer e ect were removed using corrections available o n t he GDRs. The TOPEX oscillator drift correction, pole tide correction, Gaspar 4.0 sea state bias correction, and a 1 4 7 -mm TOPEX bias correction were also applied to t he along-track sea level residuals. The resulting v alues were interpolated to a u niform along-track g r i d w i t h 6.2-km spacing. Blunder points w ere identi ed and removed using t he c r i t eria described by McClean et al. 1997] . The n al stages of preprocessing included (1) removing a n e s t imate o f t he residual mean sea surface based on the t ime m e a n o f 4 y ears of observations, (2) removing a n e s t imate o f t he ocean tide contribution to sea level based on the University o f T exas 3.0 tide m o d el, and (3) removing e n ergy at t he frequencies of tidal aliases using t he p r o c e d ure described by Chelton 1994, 1996] . The resulting alongtrack sea level anomalies for cycles 9{171 (December 1992 to May 1997) are our primary data set. Sea level values in regions shallower than 1000 m are excluded from the a n alysis.
Additional ltering i s a p plied to t he p r i m ary data set to isolate sea level variability on selected spatial and t emporal scales. For all of the results d escribed below, a one-dimensional loess lter see Schlax and Chelton, 1992] was applied to eliminate v ariability with t imescales shorter than about 3 0 d ays. For some of the a n alyses which follow, we u s e t his temporally smoothed along-track d ata set directly for other calculations it is more appropriate t o w ork w i t h a v ersion of the d ata t hat can be mapped over the full South Atlantic domain. In the l a tter cases, we a p ply a twodimensional loess spatial smoother see Greenslade et al., 1997 ] with e i t her a 6 or 12 half-span in latitude a n d longitude. The s p a n o f t he l ter is adjusted in the zonal direction by dividing b y t he cosine of latitude t o account for convergence of the m eridians. With t his adjustment, the 6 and 1 2 smoothers are approximately equivalent t o b o x a verages over 400 and 800 km. respectively. Unlike a b o x a verage, however, the loess smoother has small sidelobes in the w avenumber domain and a smooth roll-o in latitude a n d longitude. In addition, uncertainty i n the smoothed elds is nearly spatially and t emporally homogeneous Greenslade et al., 1997] . As part of the smoothing procedure, the sea level elds are interpolated onto t he 1.875 longitude b y 1 . 9 latitude grid used by t he N a tional Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis Project Kalnay et al., 1996] .
As discussed by Stammer 1997], altimeter-measured sea level variations can arise from dynamic changes of the position or intensity of ocean currents, via the geostrophic relation, or from changes of sea level due to t hermal expansion of the n ear-surface layer. For this study, w e are most interested in the f o r m er. Unfortunately, m o d eling t he l a tter component of sea level variabilityrequires high-resolution observations of airsea uxes Stammer, 1997] or direct measurements o f temperature variability w i t hin the u p per laye r s o f t he ocean. Measurements o f t hese quantities are generally sparse in the South A tlantic subtropical gyre, and the resulting e s t imates of steric expansion are of poor quality. I n t he a n alyses below, we r e m o ve a n a n n ual harmonic t to sea level at e a c h l o c a tion to r e d uce the contribution of steric expansion to t he t otal sea level variability. T h e zonal average is then removed at each t ime t o r e d uce thermal residuals that cannot be modeled as a simple annual cycle. This procedure removes any d y n amical variations of sea level on annual timescales, as well as the z o n ally uniform component o f s t eric variability o n i n terannual and o t her timescales. Because annual variability represents a signi cant fracti o n o f t he t otal sea level variability o f the S o u th A tlantic Chelton et al., 1990] , the l tered data set is well suited for studying t he l e s s e n ergetic, interannual variations of interest to t his study. T h e contribution of residual steric e ects t o i n terannual variations of sea level is discussed, as appropriate, below.
Modes of Sea Level Variability
In this section, we present m o d es of sea level variability computed from EOF analysis of the gridded sea level elds see Preisendorfer, 1988] . Gyrescale modes are computed fromsea level observations smoothed with t he 1 2 loess lter. This lter removes much o f t he v ariability associated with s m all-scale features such as Agulhas eddies and Rossby w aves. A separate a n alysis is also presented for the eastern and w estern boundary current regions based on observations gridded with t he 6 loess smoother. This smoother facilitates recovery of the s m allest possible spatial scales, given the T/P ground t r a c k c o nguration, with t he requirement t hat errors in the smoothed elds are approximately statistically homogeneous Greenslade et al., 1997] . For both t he largescale and regional analyses, results are presented for the rst two EOF modes interpreting v ariability associated with higher order modes is di cult o wing t o the orthogonality constraint c e n tral to E O F a n alysis see Preisendorfer, 1988] .
Basin-Scale EOF Modes
For the full South A tlantic basin, the rst EOF mode (Plate 1 ) a c c o u nts for 54% of the v ariance in Plate 1 the l tered sea level elds. The s p a tial pattern for this mode (Plate 1 , t op left) corresponds to c hanges of the large-scale circulation of the s u btropical gyre. Anomalously high sea level occurs over the eastern third of the gyre at t imes when sea level is anomalously low n ear the w estern boundary. T emporal variations (Plate 1 , b o t tom left) of geostrophic velocity associated with m o d e 1 i n dicate e n h anced circulation in the e a s t ern South A tlantic in 1993 and 1994, followed by a transition in mid-1995 through mid-1996 to a s t ate o f m o r e s l u g g i s h o w. The l o c a tion of maximum s e a l e v el anomalies in the e a s t ern part of the domain (i.e., the reversed \C"-shaped pattern) corresponds well with t he t ime-mean locati o n o f t he eastern limb o f t he gyre (Figure 1 ). This mode t herefore represents i n terannual variations in the zonal extent o f the region of strong s u btropical gyre circulation. The dome of sea level associated with t he gyre is broad and a t in 1993 and 1994, when the gyre is displaced to t he east of its t ime-mean position. During t hese years, the component o f t he Brazil Current a s s o c i a ted with m o d e 1 i s w eaker than normal owing t o t he reduced zonal sea level gradient i n t he e a s t ern third of the gyre. The dome of sea level associated with t he gyre is taller and shifted toward the w estern boundary in 1996. The smoothed signature of Brazil Current velocities associated with m o d e 1 are correspondingly larger in 1996.
As noted above, sea level variations may be the result of dynamic changes of surface geostrophic currents o r t he result o f l o c a l s t eric expansion. When interpreting large-scale sea level variations, such a s those shown in Plate 1, it is important t o e s t imate the contribution of steric expansion to t he observed signal. This calculation requires accurate e s t imates of the u p per layer thermal structure or accurate e stimates of air-sea heat uxes see Stammer, 1997] . In the South A tlantic subtropical gyre, the n etwork of in situ observations is spatially and t emporally sparse and i n terannual variations of temperature at gyre scales are poorly resolved from in situ observations alone. As an alternative, we use a recently updated version of the Reynolds and Smith 1994 ] sea surface temperature (SST) data set, in conjunction with a simple model of vertical temperature anomalies, to e s t imate t he i n terannual steric expansion of the gyre. Because the Reynolds and Smith d ata s e t includes both i n s i t u a n d s a tellite observations, it is one o f t he best sources for studying i n terannual variations of the large-scale temperature eld.
The i n terannual component of gyre-scale steric expansion is estimated based on modes of nonseasonal SST variability computed for the period contemporaneous with t he T/P mission. After removing a n annual and a semiannual harmonic at e a c h l o c a tion, EOF modes of SST variability w ere computed for the South A tlantic basin. Of the leading-order modes shown in Figure 2 , the spatial pattern of mode 2 (15% of nonseasonal SST variability) is most strongly correlated with t he spatial pattern of sea level mode 1 ( =0.59). The t hermal expansion corresponding t o the m aximum l o w-frequency temperature change of SST mode 2 ( 1 . 2 C peak-to-peak) was computed assuming t wo pro les of vertical temperature anomaly. If an exponential decrease of temperature with d epth with a n e-folding scale of 100 m is assumed, the resulting peak to peak, low-frequency steric expansion is equivalent t o a 2.2-cm peak-to-peak sea level variation. If a constant t emperature anomaly between the surface and 2 0 0 m i s a s s u med, the resulting l o wfrequency steric expansion is equivalent t o a 3.8-cm peak-to-peak sea level variation. These values can be compared with t he peak-to-peak, low-frequency sea level change of 7.6 cm observed for mode 1. While it is di cult t o a s s e s s t he d egree to which t hese particular temperature anomaly pro les represent true variations of South A tlantic temperature on interannual timescales, the pro les assumed here are comparable to i n terannual variations of temperature observed in the less sparsely sampled North P aci c subtropical gyre. The m aximum peak-to-peak variation of near-surface temperature in the N o r t h P aci c subtropical gyre is approximately 2 C o n d ecadal timescales and a bout 1.2 C o n y ear-to-year timescales Deser et al., 1996] low-frequency temperature anomalies in the North P aci c subtropical gyre are vertically coherent within the u p p e r 1 5 0 { 2 5 0 m o f t he w ater column see Deser et al., 1996, Figure 7] ). Thus a relatively simple estimate o f s t eric variations suggests t hat b e t ween 30% and 50% of the m o d e 1 s e a l e v el signal is the r esult o f t hermal expansion and t he r e m aining 50{70% of mode 1 s e a l e v el variability c a n b e a ttributed to variations of gyre-scale ocean circulation.
Inspection of the amplitude t ime s e r i e s a s s o c i a ted with sea level mode 1 a n d SST mode 2 suggests t hat the a c t ual contribution of steric expansion to m o d e 1 sea level variability m ay be smaller than 30{50%. On low frequencies, the amplitude t ime series of sea level mode 1 a n d S S T m o d e 2 are quite d i s t inct. While sea level mode 1 a n d SST mode 2 b o t h include secular trends, the d o m i n ant s i g n al in the SST time series is a low-frequency oscillation a comparable signature is not observed in the m o d e 1 s e a l e v el time series. The d o m i n ant f e a ture of the m o d e 1 sea level time series (i.e., the s t r o n g transition during 1995, which separates the r e l a tively uniform response in 1993-1994 from the response in 1996) has no counterpart in the SST time series. Because these low-frequency signals are very di erent, a larger estimate o f t he s t eric contribution to sea level mode 1 i s n o t o b t ained by c o nsidering nonzero temporal lags.
On the basis of these comparison with SST EOFs, we c o n c l u d e t hat while the gyre-scale response of sea level mode 1 includes a signi cant s t eric component, the larger contribution to t his mode i s t he result o f variations in ocean currents. Separating t he t hermal and d y n amic components of ocean circulation is, however, somewhat arti cial. Thus we cannot rule out the possibility t hat s o m e o f t he correlation between sea level mode 1 a n d SST mode 2 m ay arise from advection of temperature anomalies by l o w-frequency variations of ocean circulation.
A second aspect of the m o d al analysisthat m ust be considered carefully is the possible e ect of aliasing o n the m o d e structure. This is particularly important f o r sea level mode 1, which h as large amplitudes near the Cape Basin. Sensitivity s t udies demonstrate t hat t he 12 lter signi cantly attenuates small-scale features, including Agulhas eddies. This can be demonstrated quantitatively by s e t ting sea level anomalies associated with t he Agulhas eddies (see section 6) to z e r o i n the along-track d ata. The r e s u l ting d ata s e t w as then gridded and s m o o t hed with t he 1 2 lter, and basinscale EOFs were calculated. The spatial patterns and time series of the leading-order EOFs match t hose displayed in Plate 1 n early perfectly (that is, the l a g 0 temporal correlation between the t wo m o d e 1 amplitude t ime series and t he correlation between the t wo mode 1 spatial patterns are both equal to 0.92). As expected, removing s m all-scale variability a s s o c i a ted with Agulhas eddies increases the percentage of variance explained by sea level mode 1 from 54% to 71%.
In situ observations of the large-scale South A tlantic circulation that m i g h t con rm the c hange of gyre circulation implied by m o d e 1 are not yet available for the full transition period (mid-1995 through mid-1996) . For the period between October 1992 and September 1995, an analysis of in situ a n d s a tellite observations for the s o u theastern Atlantic shows little change of Benguela Current transport on interannual timescales Garzoli et al., 1997] this period coincides with t he i n terval of approximately constant amplitude for the m o d e 1 t ime series shown in Plate 1. As noted by Garzoli et al. 1997] , variability of southeast Atlantic transport from late 1992 through mid-1995 corresponded to t he passage of Agulhas rings rather than to v ariations in the larger-scale circulation.
Sea level variations associated with m o d e 2 account for 14% of the v ariance in the smoothed elds. As shown in Plate 1 (right), this mode represents primarily interannual uctuations of regional circulation near the Brazil-Malvinas Con uence. Surface geostrophic velocities associated with m o d e 2 suggest a gradual decrease in the s t r e n gth o f t he Malvinas Current b e t ween late 1 9 9 3 a n d mid-1995, followed by an increase in the s t r e n gth o f t he Malvinas Current t hrough early 1997. Circulation around t he s e a level feature between 35 S a n d 4 0 S n ear the w estern boundary is consistent with t his interpretation the increase of anticyclonic circulation between 1993 and 1995 implies a southward displacement o f t he BrazilMalvinas Con uence. Similar displacements, on seasonal timescales, have b e e n a ttributed to r e d uctions of Malvinas Current transport, relative t o Brazil Current transport Matano et al., 1993] . The s p a tial pattern of this mode a n d i t s possible relationship to v ariability i n t he b o u ndary current eddy eld are considered in more detail in sections 3.2 and 4.2.
The p a tterns of basin-scale interannual variability represented by m o d es 1 and 2 h ave not been observed previously. T h i s i s d ue, in part, to t he lack of observations that r e s o l v e l o w-frequency uctuations of the gyre-scale circulation. The 4 -y ear T/P data set provides an unprecedented opportunity t o e s t imate t he relative amplitude o f i n terannual and seasonal variations on large spatial scales. As noted above, the a nnual cycle was removed in the a n alysis of basin-scale circulation to facilitate e x t r a c t ion of lower-frequency variations. If the a n n ual cycle is retained, the leading EOF mode i s p r i m arily an annual signal that accounts for 57% of the v ariance in the smoothedsealevel elds. Modes with s p a tial and t emporal structures similar to the nonseasonal modes 1 and 2 t hen account for a signi cant fraction of the t otal sea level variance (20% and 10%, respectively). This comparison demonstrates the signi cance of low-frequency uctuations in the S o u th A tlantic basin. Low-frequency variability is also evident from year-to-year changes in the amplitude o f t he a n n ual pattern isolatedas the dominant mode o f t otal sea level variability. T h e amplitude o f this annual cycle is approximately 40% larger in 1993 and 1 9 9 6 t han in 1994 and 1995. This variation of annual amplitude i s c o n s i s t ent w i t h p r e v i o u s a n alyses of data from the Geosat Exact Repeat Mission. Using a similarmethodology, Chelton et al. 1990] showed that leading-order modes of South A tlantic circulation represented variations on seasonal timescales but t hat t he amplitude a n d p h ase of the seasonal cycle di ered between 1987 and 1988. This comparison of the m o d es of basin-scale variability c o m p u ted with a n d w i t hout the annual cycle demonstratesthat t here are two t ypes of interannual variations in South A tlantic sea level. First, modes of interannual variability account for a signi cant fraction of the t otal South A tlantic sea level variance. Second, year-to-year variations in the amplitude o f t he S o u th A tlantic seasonal cycle are quite large.
Regional EOF Modes
Time-dependent v ariations of circulation at t he eastern and w estern boundaries are evaluated in this section using regional EOF analyses. For these cal-culations, a 6 loess smoother is applied to t he s e a level observations to obtain elds that include sea level variations on scales larger than about 3.6 (400 km). As in the gyre-scale calculations discussed above, interannual variations contribute signi cantly to t he principal components i n b o t h b o u ndary current regions. Near the Brazil-Malvinas Con uence, the regional modes are dominated by s m all-scale recirculation cells (Plate 2a). The t wo l o west-order regional modes can be interpreted as a high-resolution decomposition of basin-scale mode 2 ( P l a te 1 , r i g h t). The a n ticyclonic circulation cell evident i n r e g i o n al mode 1 n ear 38 S, 50 W h as previously been observed in geostrophic velocity e s t imates from a 15-month d eployment of moored inverted echo s o u nders (IES) Garzoli, 1993] . Cyclonic ow around t he l ocal minima of sea level anomaly near 36 S, 44 W a n d 46 S, 52 W w as also apparent i n t he IES data s e t Garzoli, 1993] .
Geostrophic velocity a n o m alies reconstructed from the rst two regional modes show t hat t he s m all-scale circulation features are related to l o w-frequency variations in the l a titude o f t he Brazil-Malvinas Con uence. The anomalously northward meridional velocities near the S o u th A m erican coast in 1993 and 1 9 9 6 (Figure 3) are consistent w i t h a n o r t hward displacement o f t he con uence. At t hese times, anticyclonic circulation around t he feature near 38 S, 50 W w as particularly strong (see Plate 2a, top l e f t ) a n d t he Malvinas Current followeda relatively northward trajectory into t he i n terior of the g y r e . During 1 9 9 5 , the o pposite s i t uation occurred the con uence was located south o f i t s t ime-mean position and t he extension of the Malvinas Current followed a more zonal path i n to t he gyre interior.
Near the A g u l h as Retro ection, the r s t t wo regional modes (Plate 2b) have signi cant nonzero amplitudes only in the vicinity o f t he Agulhas Current and Agulhas Retro ection. Sea level anomalies reconstructed from these two m o d es are the r e s u l t o f the production of Agulhas eddies and t he p r o pagation of these eddies into t he eastern Cape Basin. This process is illustrated by sea level time series reconstructed at t he l o c a tions shown in Figure 4 as expected from Agulhas eddy propagation, sea level variations near the retro ection lead those to t he north and w est. Because the smoother used to generate t he regional EOF modes damps sea level signatures associated with m esoscale features, the l o w-frequency variations in Plate 2 b a n d Figure 4 should not be interpreted as the signatures of individual eddies. Instead, this variability represents a l o w-pass-ltered version of the c o n volution of the r a te of eddy production and t he a m p l i t ude o f i n dividual eddies. Note t hat low-frequency variability e v i d ent i n t he t hree reconstructed sea level time series (Figure 4 ) corresponds well with l o w-frequency variations of Agulhas eddy transport estimatedbasedonassimilationof T/P data into a t wo-layer ocean model of the e a s t ern South A tlantic see Goni et al., 1997, Figure 7] .
In both b o u ndary current regions, interannual variability is a signi cant fraction of the t otal sea level variability o ver the 4 y ears considered here. If the a nnual cycle is retained, annual variability i n t he BrazilMalvinas Con uence region occurs as the dominant mode, accounting for 48% of the t otal variance the regional modes displayed in Plate 2 a t hen account for 19% and 9 % o f t he t otal variability, respectively. Interannual variations have previously been observed in the separation latitudes of the Brazil and Malvinas Currents Olson et al., 1988] , in the transport of the Brazil Current Garzoli, 1993] , and i n t he transport of the Malvinas Current Matano et al., 1993 ]. The results s h own here demonstrate t he regional nature of this interannual variability. Signi cant i n terannual uctuations occur along t he e n tire western boundary variability i n o n e p a r t o f t he regional circulation is closely linked to v ariability i n o t her elements o f t he regional circulation.
In the A g u l h as Retro ection region, in situ a n d satellite observations suggest that annual variability i s present F eld, 1997 Matano et al., 1998 ], but w eak Pearce and Gr undlingh, 1982] . This observation is supported by t he T / P m easurements. If the a n n ual cycle is retained, the rst and second m o d es displayed in Plate 2b account for 33% and 13% of the v ariability, respectively, while the a n n ual cycle accounts for 21% of the v ariance. Unlike t he w estern boundary region, interannual variability n ear the eastern boundary of the gyre is strongly localized. For the scales considered here, signi cant i n terannual variations are observed only at t he retro ection and along t he Agulhas eddy corridor within the e a s t ern Cape Basin. As shown in section 6, interannual variabilitydoes occur in other regions of the Cape Basin, but t his variability is restricted to scales that are not resolved by t he 6 lter.
The rms Variability
Geographic and t ime-dependent c hanges of ocean variability also can be inferred from root-mean-square (rms) variations of altimeter-measured sea level. Variability i n t he S o u th A tlantic basin is investigated here from rms height v ariations in three frequency bands and from a comparison of high-frequency rms variability i n b o u ndary current regions for each y ear of the T/P mission. To m aintain consistency with o t her calculations presented in this paper, an annual harmonic is rst removed at each along-track p o i n t. For the band-passed calculations, the rms variability a t each along-track point is computed for timescales less than 4 months, between 4 and 1 2 m o n ths, and l o n ger than 12 months. Year-to-year changes of regional rms variability are inferred from statistics of sea level variations along each ground track for 1993, 1994, 1995, and 1996 . The band-passed and y early rms variability elds are then mapped to a regular longitude-latitude grid using a smoother that r e t ains variability o n s c a l e s longer than about 150 km.
Band-Passed rms Variability
Because mesoscale motions associated with f r o n tal instabilities are highly energetic, rms variability o n short timescales is largest in the b o u ndary current regions ( Figure 5, left) . At t he Brazil-Malvinas Conuence, patches of locally high rms variability are associated with m eandering o f t he Brazil and Malvinas Currents a n d w i t h t he p r o d uction of mesoscale eddies at t heir con uence. Variability a s s o c i a ted with m eandering o f t he Agulhas and Agulhas Return Currents dominates the high-frequency rms variability n ear the eastern boundary of the s u btropical gyre. E ects o f Agulhas eddy propagation from the retro ection into the Cape Basin appear as a northwestward extension of the region of high variability b e t ween 20 E a n d 5 E. At high frequencies, rms sea level variations at t he i nterior of the gyre are at least a factor of 5 smaller than those associated with t he b o u ndary currents.
On longer timescales, rms variations at t he i n terior of the gyre are more comparable to v ariations in the b o u ndary current regions ( Figure 5 , middle and right). As discussed in sections 5 and 6, sea level uctuations on these longer timescales can be attributed to Rossby w ave p r o pagation and p r o pagation of Agulhas eddies from the retro ection into t he gyre interior. For timescales between 4 and 1 2 m o n ths, the m aximum o f v ariability n ear the con uence of the Brazil and Malvinas Currents agrees with previous observations of eddy energy in the Brazil Basin, including observations of energetic semiannual variations of the Brazil Current a n d t he l a titude o f t he Brazil-Malvinas Con uence Forbes et al., 1993 Le T raon and Minster, 1993 Provost and Le T raon, 1993] . Variability along t he c o n vergence of the s u bpolar and s u bAntarctic fronts o f t he A n tarctic Circumpolar Current at 4 8 S occurs predominantly on timescales longer tha n 1 y ear.
Year-to-Year Variations of Regional Variability
In the Brazil-Malvinas Con uence region, both t he amplitude a n d t he s t r u cture of the high-frequency variability c hange from year to y ear (Plate 3 a ) . T h e Plate 3 general pattern of variability includes (1) a zonally oriented band o f h i g h v ariability l o c a ted at a p proximately 38 S along t he o shore extension of the Brazil Current, (2) a zonally oriented band of high variability along a p proximately 48 S, and ( 3 ) a m eridional band o f h i g h v ariability i n t he b o u ndary current r egion between 38 S a n d 4 8 S a l s o s e e Fu, 1996] .
For the 4 y ears considered here, the m aximum gridded rms variability n ear the Brazil-Malvinas Con uence reached 0. 25, 0.25, 0.30, and 0.27 m in 1993, 1994, 1995, and 1996 , respectively. T h e rms variability p a tterns for 1994 and 1996 most closely match the 4-year averaged pattern. Over the 4-year period evaluated here, the l o c a tion of the m aximum o f r m s variability shifted to t he s o u th a n d east the m aximum w as located at 5 0 W, 40 S in 1993. By 1996, the m aximum w as located near 53 W, 42 S.
An intriguing aspect of the y ear-to-year changes of rms variability are the a p parent l o w-frequency variations in the l o c a tions of high eddy energy. In 1993 and 1994, the region of strong e d d y v ariability w as broad and projected far to t he east (i.e., into t he o shore extension of the Brazil Current). In 1995, the m aximum o f v ariability w as spatially compact and l o c a ted adjacent t o t he c o n tinental slope. Variability i n t he o shore extension of the Brazil Current w as about 2 0 { 25% smaller in 1995 than in 1993 or 1994. Variability in the region adjacent t o t he continental slope was about 20% larger in 1995 than in 1993 or 1994. During 1996, the r e g i o n o f h i g h v ariability expanded and variability increased along t he Brazil Current e x t ension. These shifts i n t he s p a tial distribution of eddy energy coincide w i t h v ariations of regional circulation inferred from the EOF analysis. As noted in section 3, the l o w-frequency variations of boundary current circulation are consistent w i t h a a p parent shift in the latitude o f t he con uence on a timescale of 2{3 years. During 1 9 9 5 t he con uence was located particularly far to t he s o u th. The y early maps of rms variability shown in Plate 3a suggest that t his displacement o f t he con uence coincides with a r e d uction in the amplitude of variability a l o n g t he Brazil Current e x t ension and with a localization of eddy variability adjacent t o t he continental slope.
A more subtle aspect of the l o w-frequency regional variability i s t he distribution of eddy energy along the c o n vergence of the s u b-Antarctic and s u bpolar fronts o f t he A n tarctic Circumpolar Current (i.e., along 4 8 S). The longitude o f m aximum v ariability in this convergence zone shifts from year to y ear, occupying i t s w esternmost position in 1995 and i t s e a s ternmost position in 1993. With o n l y 4 y ears of observations and few supporting i n s i t u m easurements, relating t hese variations to p r o perties of the large-scale circulation is di cult. It is, however, intriguing t hat the local maximum of sea level variability i s l o c a ted farther west in years when the Brazil-Malvinas Conuence is located farther south. The possible role of the l a titude o f t he con uence on eddy variability a t 48 isconsistent w i t h results from a 14-month d eployment of current m eters northeast of the Ewing Bank between 47 S a n d 4 9 S along 4 1 W eddy variability increased at t he array when the o shore extension of the Malvinas Current shifted to t he south Whitworth et al., 1991] .
Near the eastern boundary (Plate 3b), high-frequency variability i s t he result o f s e v eral processes see Duncombe R ae, 1991] . Meandering a n d t he formation of instabilities produce particularly strong v ariability along t he A g u l h as Return Current. Agulhas eddy production contributes to a region of strong v ariability n ear the w esternmost exte n s i o n o f t he retro ection. The w estward propagation of eddies into t he Cape Basin contributes to high variability w i t hin the Cape Basin. Plate 3 b d emonstrates that y ear-to-year changes of rms variability are relatively large in the eastern Cape Basin. Thesechanges correlate w ell with year-to-year variations in the n umb e r o f A g u l h as eddies tracked from the Cape Basin into t he i n terior of the gyre (see section 6).
The \patchiness" of variability n ear the Agulhas Retro ection appears to be correlated with t he u nderlying t opography. I n 3 o f t he y ears shown in Plate 3 b (1993, 1995, and 1996) , a local minimum o f v ariability is observed directly above t he Agulhas Plateau (26 E). In 1994, a smaller, but s t ill distinct gap in the eddy variability distribution is observed along t he eastern ank of the p l a teau. The region of high variability l o c a tedto t he w est ofthe plateau coincides with the most commonly observed position of the Agulhas Retro ection (16{20 E) Lutjeharms and van Ballegooyen, 1988] . The s e c o n dary region of high variability l o c a ted east of the p l a teau coincides with t he region of high variability associated with m eandering along t he Agulhas Return Current. This region of locally intense eddy energy may also coincide with v ariability a s s o c i a ted with t he less frequently observed \early" position of the retro ection (i.e., cases where the retro ection occurs near 25 E) Lutjeharms and van Ballegooyen, 1988 ]. The r m s v ariability elds from 1993, 1995, and 1996 suggest an inverse relationship between the a m p l i t ude o f e d d y v ariability t o the east and w est of the p l a teau (see Plate 3 b ) . S u ch variations could result from low-frequency shifts i n t he longitude o f t he retro ection or from time-dependent variations in the s t ability o f t he A g u l h as Return Current.
Model studies suggest that v ariability i n t he longitude o f t he retro ection results f r o m e i t her variations of Agulhas Current transport Ou and de Ruijter, 1986] or from the in uence of Natal Pulses on the trajectory of the A g u l h as Current Lutjeharms and van Ballegooyen, 1988] . Any s u ch v ariations in the longitude o f t he retro ection may a ect the eddy eld. For example, the Agulhas Plateau m ay act as a barrier to t he w estward propagation of eddies formed at a n \early" retro ection. Alternatively, t he Agulhas Current m ay retro ect more smoothly and generate f e w er eddies when it undergoes an early retro ection. Analysis of satellite S S T i m agery and drifter observations, with p a r t icular emphasis on the r e l a tionship between the l o n gitude o f t he retro ection and t he formation of Agulhas eddies, would clarify any s u ch relationship. Detecting t ime-dependent v ariations of Agulhas Return Current s t ability a n d resolving t he relationship between the s t ability o f t he A g u l h as Return Current and o t her aspects of circulation at t he retro ection would require a more intensive observational e ort.
Westward Propagation
Unlike v ariability a t t he e n ergetic boundary current regions, mesoscale variations are weaker at t he i n terior of the gyre. The t wo most signi cant processes contributing t o sea level changes in this relatively quiet zone are Rossby w ave p r o pagation Le T raon and Minster, 1993 Chelton and Schlax, 1996] and t he propagation of Agulhas eddies from the retro ection into t he w estern South A tlantic Gordon and Haxby, 1990 Byrne et al., 1995 Gr undlingh, 1995 Goni et al., 1997 . Rossby w ave p r o pagation is easily visualized in longitude-time diagrams constructed from the gridded data. (Note t hat t he r s t p a p e r d escribing Rossby w ave p r o pagation from T/P observations used this same 6 loess smoother see Chelton and Schlax 1996] ). West of the Cape Basin, Agulhas eddies are best observed in the along-track d ata ( s e e s e c t ion 6) these eddies have s m aller spatial scales and are typically attenuated by 60{80% by t he 6 smoother.
Wave propagation is assessed from time-longitude plots of gridded T/P observations for a broad range of latitude within the South A tlantic basin. The 6 smoother was applied to t he T/P observations to o b t ain sea level elds with s t atistically spatially uniform error distributions. Previous studies have identi ed strong semiannual Rossby w aves signals in the South A tlantic subtropical gyre Le T raon and Minster, 1993] . To emphasize variability o n o t her timescales, we r e m o ved an annual and semiannual harmonic from the sea level time s e r i e s a t e a c h l ocation after gridding t he d ata.
Between 35 S a n d 4 5 S, the largest amplitude variability i s c o n n ed to t he b o u ndary current regions. In the example shown for 41 S (Plate 4 a ) , high-amplitude v ariations are observed near the C a p e Basin, in the Brazil-Malvinas Con uence, and i n t he o shore extension of the Brazil Current. At i n terior longitudes, very low-frequency variations, with l i t tle evidence of clear propagation, dominate t he sea level anomaly elds. Similar variations are not observed in ltered SST records. Thus it is likely that t his signal is of dynamic, rather than steric, origin. A comparison of the l o n gitude{time diagram along 4 1 S and basin-scale EOF mode 1 ( P l a te 1 ) s h ows that t he decrease of sea level along 4 1 S b e t ween 1993 and 1996 agrees well with t he trend t oward lower sea levels in basin-scale EOF mode 1 (Plate 1 ) . This result suggests t hat l o w-frequency sea level variations in Plate 4a arise from dynamic shifts of circulation at the southern boundary of the gyre.
Between 24 S a n d 3 3 S, sea level variations associated with w estward propagation across the i n terior of the gyre are the most prominent signal (Plates 4b and 4c). Particularly clear examples include t he minimum of sea level (purple shading) at 0 longitude in early 1993 at 25.7 S. Along 25.7 S, the w aves corresponding t o t his minimum arrive a t t he w estern boundary during December 1994 and A pril 1995. Less rapid westward propagation occurs along 29.5 , where the t wo w aves arrive d uring May 1995 and A pril 1996 . While oscillations at a n y g i v en location occur on timescales shorter than the a n n ual cycle, interannual variability clearly results f r o m l o w-frequency amplitude m o d ulation of the p r o pagating w aves. A comparison of wave amplitudes at seasonal and n o n s e asonal timescales (not shown) demonstrates the importance of low-frequency variability i n t he s u btropical South A tlantic. The largest Rossby w aves in Plate 4 have amplitudes of 8-10 cm. For comparison, annual and semiannual Rossby w ave amplitudes rarely exceed 4 cm in this region also see Le T raon and Minster, 1993] . Note t hat a similar result h as been detected in the s u btropical South P aci c, where Wang and Koblinsky 1996] found t hat i n terannual wave amplitudes can be 40% larger than the amplitudes of higher-frequency waves.
The z o n al continuity o f w ave crests a n d troughs across the basin indicates that Rossby w ave propagation is not particularly sensitive t o t he u nderlying topography. The z o n al variations of amplitude for some features does, however, suggest that t opography plays a secondary role in South A tlantic wave dynamics. Wave amplitudes are slightly larger west of the Mid-Atlantic Ridge. A less pronounced increase of amplitude w e s t o f t he Rio Grande Rise (i.e., west of 40 W in Plate 4b) points t o a similar role for this topographic feature.
For comparison with o t her studies of Rossby w ave propagation e.g., Schax, 1996 Wang and Koblinsky, 1996 Killworth et al., 1997] , westward propagation speeds were estimated from the gridded data a t e a c h l o c a tion in the gyre interior. For each latitude, sea level time s e r i e s w ere extracted at l o c ations separated by 3 . 8 longitude ( t wo g r i d p o i n ts i n the z o n al direction). The lagged cross correlation was computed for these time series, and t he t ime lag that produced the strongest cross correlation was noted. Phase speed was then estimated based on the geographic distance between the t wo l o c a tions and t he time lag of maximum cross correlation. The accuracy of the e s t imate w as enhanced by ( 1 ) i n terpolating each time s e r i e s t o d aily values prior to computing p h ase speed and (2) band passing e a c h sea level time s eries to eliminate frequencies higher than one cycle per month a n d l o wer than one c y c l e p e r y ear. Subsequent calculations showed that p h ase speed estimates were not particularly sensitive t o reasonable variations in the c hoice of passband. The quality o f e a c h p h ase speed estimate w as gauged by t he v alue of the cross correlation at t he t ime o f m aximum lag. Cases with correlation values of 0.45 or larger resulted in phase speed estimates that w ere in good agreement with e stimatesat n earby l o c a tions. Smaller correlations were observed in cases where the t ime e v olution of sea level at t he t wo l o c a tions did not conform well to a simple model of westward propagation. An example of phase speed estimates along l a titude 2 9 . 5 S i s s h own in Figure 6a . The g r a d ual decrease of phase speed to t he east is in good agreement with t he r e d uction of phase speed associated with t he s h oaling o f t he t hermocline toward the eastern side o f t he basin Killworth et al., 1997] . Figure 6b illustrates the r e l a tionship between phase speed estimates for this latitude a n d t he crosscorrelation coe cient outliers, characterized by u nrealistically large westward phase speed estimates, have low cross-correlation coe cients.
The resulting p h ase speed estimates are shown as a function of latitude in Figure 7 . South o f 3 3 S, pointto-point noise in the p h ase speed estimates and t he generally low cross-correlation values indicate t hat t he dominant v ariability is not associated with w ave p r o pagation. This is in good qualitative agreement w i t h visual inspection of longitude-time diagrams for these latitudes (e.g., Plate 4a). Between 33 and a bout 2 4 , the equatorward increase of phase speed is consistent with a Rossby w ave propagation regime. Scatter in the phase speed estimates for particular latitudes within this band i s t he r e s u l t of noise in the e s t imates, as well as systematic trends across the basin associated with the s h oaling o f t he t hermocline (see Figure 6a) . The meridional gradient o f p h ase speed corresponds well with v alues predicted for South A tlantic midlatitudes after adjusting for e ects o f t he large-scale circulation on the m ean potential vorticity gradient Killworth et al., 1997] . The p h ase speeds are, however, systematically larger than those predicted from the most recent theory.
Both t he c o n tribution of Rossby w ave p r o pagation to sea level variability a n d t he rms amplitude o f s e a level variations decrease to t he north (Plate 4d also see Figure 5 ). Between 10 S a n d 2 2 S, the d o m i n ant sea level variations are basin-scale features. There is little evidence of propagating i n terannual Rossby waves the l o w-frequency variability n o r t h o f t he s u btropical gyre has small amplitudes and is poorly organized.
Eddy Propagation
As noted above, a particularly unique aspect of South A tlantic ocean variability i s t he w estward propagation of eddies from the A g u l h as Retro ection into the South A tlantic subtropical gyre. In situ a n alyses have concluded that Agulhas eddies contribute s i gni cantly to t he i n terbasin exchange of heat a n d s a l t Gord o n e t a l . , 1992 Schmitz, 1995] . Because many Agulhas eddies are trapped and s p i n d o wn within the Cape Basin, these features fundamentally alter the water mass properties of the Benguela Current Duncombe R ae et al., 1996] . However, a signi cant fraction of Agulhas eddies also migrate across the W alvis Ridge, albeit in an attenuated form Byrne et al., 1995] . Estimates of the e d d y c o n tribution to t he salt and v orticity budgets o f t he S o u th A tlantic subtropical gyre indicate t hat t hese long-lived eddies play an active role in gyre dynamics Byrne et al., 1995] . Lowfrequency variability i n t he ux of Agulhas eddies must therefore be considered when assessing i n terannual variations of gyre-scale circulation. Quantifying interannual variability o f A g u l h as eddy propagation is understandably di cult w i t h t he s h ort data s e t s a vailable prior to t he l a unch o f T / P . T h e 4 y ears of T/P data a n alyzed here provide t he rst evidence of interannual variations in the p r o perties of Agulhas eddies at t he i n terior of the g y r e .
Agulhas eddies are readily identi ed in along-track altimeter observations based on their strong sea level signatures anticyclonic circulation about a n e d d y produces a positive sea level anomaly, relative t o t he surrounding w aters Gordon and Haxby, 1990 Byrne et al., 1995 Gr undlingh, 1995 Goni et al., 1997 ]. Unlike sea level anomalies associated with Rossby w aves, Agulhas eddies have s m all spatial scales (i.e, diameters of 200{400 km) and e x p o n entially decaying amplitudes as they spin down while propagating across the subtropical South A tlantic. Agulhas eddies have been successfully identi ed and t r a c ked in Geosat o b s e r v ations of the S o u th A tlantic Haxby, 1990 Byrne et al., 1995] , in T/P observations of the Cape Basin Goni et al., 1997] , and i n t he rst year of T/P observations of the S o u th A tlantic basin Gr undlingh, 1995] . For this study, w e tracked Agulhas eddies from the Cape Basin, across the W alvis Ridge, and i n to the i n terior of the s u btropical gyre using a semiautomated version of the t echnique described by Byrne et al. 1995] . Data f r o m t he ascending a n d d escending tracks were analyzed separately to e n h ance the robustness of the i d enti cations. Only features that h ad consistent sea level amplitudes,spatial scales, and trajectories in both s u bsets o f t he along-track d ata w ere considered in this analysis. Candidate eddies were subject to s e c o n dary screening c r i t eria to eliminate weak signals or features that w ere observed for short time i n tervals only features that w ere observed for more than 6 months and t hat traveled over more than 10 of longitude o r 5 of latitude w ere retained. In addition, we r e q u i r e d t hat e a c h f e a ture be observed crossing t he W alvis Ridge, except in two cases, where strong signals with p r o perties characteristic of Agulhas eddies were detected just west ofthe W alvis Ridge at t he beginning o f t he T/P record.
A t otal of 21 large-amplitude, long-lived eddies were identi ed for the period from December 1992 to May 1997. These identi cations represent a l o wer bound o n t he a c t ual propagation of Agulhas eddies into t he S o u th A tlantic subtropical gyre. The periods over which each e d d y w as tracked and t he t ime a t which t he eddy crossed the W alvis Ridge are shown in Figure 8 . Also shown in Figure 8 is a quantitative measure of our con dence in the eddy tracking procedure. For each t ime, the s h ading in Figure 8 depicts the amplitude o f t he e d d y m easured from the a l o n gtrack d ata divided by t he rms variability of sea level (excluding t he eddy) within 3 latitude o f t he center of the e d d y . Time-dependent v ariations of eddy condence arise owing t o separations between the center of the eddy and t he ground t r a c k l o c a tion and to t ime-dependent v ariations of eddy amplitude a n d background noise level. The a verage con dence index for all data s h own in Figure 8 is 2.8, indicating t hat most of the eddies tracked were several times larger than the n eighboring noise eld.
Excluding eddies that w ere rst observed at cycle 9 or last observed at cycle 171, each e d d y w as tracked for an average of 1.7 years over which it translated by 23.6 of longitude a n d 5 . 0 of latitude. Over this period,the d ecay in amplitude observed as eddies moved westward averaged 12.8 cm. Although seasonal variations have been observed in the A g u l h as Current transport F eld et al., 1997], similar variability i s not apparent i n t he dynamical properties of eddies tracked fromaltimeter observations. Eddy properties, including amplitude, propagation speed, and diameter showed no systematic seasonal variations. Figure 8 demonstratesthat t he observed eddy crossings of the W alvis Ridge are aperiodic. This may be due, in part, to aperiodic shedding o f A g u l h as eddies at t he retro ection see Goni et al., 1997] . While eddies crossed the W alvis Ridge, on average, once every 75 days (4.8 eddies per year), there are two i n tervals during which s u ccessive eddy crossings are separated by 1 4 0 d ays or more. On three occasions, nearsimultaneous crossings of two eddies are observed. The eddy locations inferred from the along-track d ata in these cases indicate t hat t he centers of the eddies were separated by 2.5 {4.4 of latitude a s t hey crossed the ridge. The frequency of eddies entering t he South Atlantic subtropical gyre in this study is lower than the s i x p e r y ear inferred by Byrne et al. 1995 ] from the Geosat observations. Five eddy crossings per year were observed during 1993, 1994, and 1995 only three eddies were observed crossing t he ridge in 1996. It is di cult t o ascertain whether the r a te a t which eddies entered the s u btropical gyre is di erent for the Geosat and T/P sampling periods owing t o di erences in the sampling a n d quality o f t hese two d ata s e t s. Analysis of other altimeter data s e t s (e.g., ERS 1, ERS 2, or Geosat follow-on) may provide insight o n t his issue.
The range of latitude a n d l o n gitude o ver which Agulhas eddies are detected isgenerally referred to a s t he \Agulhas eddy corridor" Garzoli and Gordon, 1996] . During t he Geosat Exact RepeatMission,the A g u l h as eddy corridor was located between 25 S a n d 3 5 S for longitudes west of the W alvis Ridge see Byrne et al., 1995] . The Geosat d ata set was, however, too short to d etect any systematic temporal variations in the migratory paths of the eddies. The l o n ger sampling interval available from T/P reveals that t he l o c a tion of the A g u l h as eddy corridor may va r y o n i n terannual timescales (see Figure 9) . During 1993 and 1994, ed- Figure 9 dies propagated from the Cape Basin into t he i n terior of the gyre over a broad range of latitudes. A very di erent s i t uation occurred during 1996, when only one d ecaying feature was observed at t he i n terior of the gyre south o f 3 0 S. The eddy trajectories therefore indicate t hat t he s o u thern boundary of the e d d y corridor shifted to t he n o r t h b e t ween 1994 and 1 9 9 6 . During t he s a m e period, a smaller southward shift of the n o r t hern boundary of the corridor also appears possible, based on the eddy trajectories in Figure 9 . In the early part of the record, eddies located west of 0 have a strong n o r t hward component t o t heir motion. This northward component i s r e d uced or reversed in 1996. Unfortunately, it is di cult t o assess whether this tendency represents a true southward shift of the northern boundary of the corridor or whether it is an artifact of the s m all number of eddies observed in the northwest quadrant o f t he d o m ain. The larger number of eddy tracks in the eastern part of the gyre clearly indicates that t he s o u thern boundary of the eddy corridor shifted to t he north d uring 1995.
Discussion
The i n terannual variations of the eddy corridor shown in Figure 9 may be a direct response to v ariations of the large-scale ocean circulation. As noted in section 3, the rst basin-scale EOF mode corresponds to relatively large westward velocities in the e a s t ern part of the gyre during 1993 and 1994, followed by a transition to more sluggish westward velocities in 1996. This point can be illustrated more directly from the t ime series of zonal and m eridional geostrophic velocity anomalies reconstructed from basin-scale mode 1 in the region between 10 W a n d 1 0 E (Figure 10 ). In 0 this region, the t ime-mean ow i s t o t he north a n d west (see Figure 1) . Geostrophic velocity anomalies inferred from the l tered T/P data h ave particularly strong w estward components d uring 1994. This reinforces the t ime-mean gyre circulation and coincides with t he propagation of Agulhas eddies to t he n o r t hwest. The t endency of eddies to propagate directly to t he w est is most pronounced in 1996. At t his time, Figure 10 shows that e a s t ward velocity a n o m alies oppose the w estward component o f t he t ime-mean ow. As a result, advection by t he large-scale gyre is anomalously weak.
A second possible link between the trajectories of the eddies and t he large-scale gyre circulation is that motions on the t wo scales may be sensitive t o a c o mmon forcing m echanism. For example, interactions between the A g u l h as Current a n d t he South A tlantic Current m ay a ect the t hermohaline a n d v orticity properties of the e d d i e s n ear their region of formation, as well as the large-scale circulation of the gyre. Such relationships have not been observed in the i n s i t u observations, although most analyses have focused on shorter spatial and t emporal scales.
The d y n amics of interactions between the eddies, the gyre-scale circulation, and t he regional wind eld cannot be conclusively evaluated from the observations used in this study. A n alysis of covariability b etween sea level and t he n ear-surface wind b a s e d o n singular value decomposition (SVD) does, however, suggest a possible mechanism for the v ariations of gyre-scale circulation associated with sea level mode 1 (see Plate 1). SVD has been used previously to identify modes of sea level pressure and sea surface temperature covariability i n t he S o u th A tlantic basin Venegas et al., 1997] . This method extracts s p a tial patterns of covariability i n t wo elds by m aximizing the m ean square temporal covariance explained by the sequence of SVD spatial patterns see Bretherton et al., 1995] . It is important t o recognize that, while SVD is helpful for isolating relationships between variables, SVD does not conclusively establish cause and e ect relationships analysis of carefully designed model experiments is more suited to t his task.
The SVD method is, however, useful for preliminary analysis of possible links between observed elds.
Covariability b e t ween variations of gyre-scale sea level and v ariations of regional wind w ere evaluated based on SVD of T/P sea level observations (see secti o n 2 ) a n d c o n temporaneous, monthly, n ear-surface zonal wind elds from the NCEP reanalysis Kalnay et al., 1996] . Prior to computing t he SVD modes, the zonal wind elds were smoothed to eliminate s m allscale variability a n d an annual harmonic was removed at e a c h l o c a tion. Because the w i n d eld contains signi cant v ariability on semiannual timescales, a semiannual harmonic was removed from both t he zonal wind a n d sea level elds prior to t he SVD analysis. The r e s u l ting d ata s e t s emphasize variability o n t he interannual timescales of interest to t his study.
As shown in Plate 5 , t he r s t m o d e of sea level Plate 5 and z o n al wind c o variability explains 31% of the m ean square temporal covariance. The s p a tial correlation between the p a ttern of sea level from SVD mode 1 and t he p a ttern of sea level from gyre-scale EOF 1 is remarkably strong (0.94). This high correlation suggests t hat t he z o n al wind p a ttern shown in Plate 5 ( t op left) is associated with t he gyre-scale sea level variations discussed in section 2 and, possibly, with t he year-to-year variations of Agulhas eddy trajectories discussed in section 6.
To further explore the possible link between variations of gyre-scale circulation and v ariations of the wind, a quantity s o m ewhat a n alogous to t he c o ntribution of the m o d e 1 zonal wind p a ttern to t he zonal component o f w i n d stress curl is plotted in Plate 6. (Note t hat t he a c t ual contribution of zonal Plate 6 wind m o d e 1 t o t he true wind stress curl is not calculated here. This calculation requires an estimate of interannual variations in near-surface atmospheric stability. I n t he S o u th A tlantic, these observations are considerably less reliable than observations of the wind components alone.) The eld plotted in Plate 6 s u ggests t hat i n terannual variations of gyre-scale circulation are associated with v ariations in the large-scale wind stress curl. During 1 9 9 3 a n d 1994, the zonal wind v ariability of SVD mode 1 (Plate 5 , t op left) opposes the t ime-mean wind p a ttern and t he large-scale positive wind stress curl (Plate 6 ) i s r e d uced. In 1996, the z o n al wind v ariability of SVD mode 1 reinforces the t ime m ean wind p a ttern and t he large-scale positive w i n d stress curl is increased.
The a n o m aly pattern shown in Plate 6 c a n b e c o mpared with w i n d stress anomalies considered in previous studies of the w i n d-forced circulation of the South Atlantic basin. Simulations of seasonal variations of South A tlantic circulation demonstrate t hat t he i n tensity of circulation about t he gyre and t he zonal extent of the gyre-scale circulation are sensitive t o v ariations of wind stress curl Matano et al., 1993] . In a simulati o n o f w i n d-driven gyre-scale circulation, the z o n ally averaged wind stress curl at 4 0 S a n d t he Brazil Current transport were largest during a ustral spring a n d summer. At t he s a m e t ime, circulation in the w este r n p a r t o f t he basin was most intense and r e l a tively weak circulation was observed in the e a s t ern third of the basin see Matano et al., 1993, Figures 1{3] . As the zonally averaged wind s t r e s s c u r l w eakened in austral fall and winter, circulation in the w estern part of the basin relaxed and exchange between the e a s t ern and w estern sides of the basin increased. The s p a tial pattern of seasonal variations of gyre-scale circulation obtained by Matano et al. 1993 ] correspond remarkably well with t he i n terannual variations of gyre-scale circulation isolated in the leading-order EOF mode (Plate 1 , t op). In addition, the r e l a tionship between the wind a n d t he gyre-scale circulation inferred from T/P and t he a tmospheric reanalysis is qualitatively similar to t he relationship obtained from numerical model simulations of the seasonal cycle. These inferences suggest that t he dynamics governing large-scale South A tlantic circulation may be qualitatively similar on seasonal and i n terannual timescales. An important aspect of the i n terannual variability, w h i c h h as no apparent a n alog in the seasonal cycle, is the p o t ential link with w ater mass transport across the South A tlantic basin via Agulhas eddy propagation. The d ynamics of this possible interaction will be investigated in the n ext phase of this study using n umerical experiments. Analysis of additional years of altimeter data are also expected to s h ed light o n t his potentially important aspect of South A tlantic wind-driven circulation.
Summary and Conclusions
In this study, w e h ave a n alyzed interannual variability o f t he South A tlantic subtropical gyre and the regional circulation near the eastern and w estern boundaries using 4 y ears of TOPEX/POSEIDON sea level observations. The r e s u l ts d emonstrate t hat a signi cant fraction of the t otal variability o c c u r s a t frequencies lower than the a n n ual cycle. This is true of both t he large-scale gyre circulation and o f s m allerscale variations associated with t he b o u ndary current regimes.
Two p a r t icularly interesting m o d es of variability have been isolated. A basin-scale mode, which corresponds to z o n al shifts i n t he d o m e of sea level associated with t he s u btropical gyre, accounts for more than half of the nonseasonal South A tlantic sea level variability. T h i s m o d e suggests t hat t here was a transition in 1995 from a broad, at gyre with w eak western boundary current transport, to a more zonally compact gyre, with stronger boundary ow. Variations in the strength o f t he geostrophic circulation in the n o r t heastern part of the gyre associated with t his mode m ay play a role in the dispersal of Agulhas eddies across the S o u th A tlantic. Eddies propagate t o the n o r t hwest in years where the gyre extends farther east. Eddies travel westward when the gyre is displaced to t he w est. Calculations of sea level and zonal wind c o variabilitybased on singular value decomposition suggest that t his mode of ocean circulation may be linked to v ariations of the large-scale zonal wind eld. Numerical experiments w i l l b e n eeded to e v aluate t he d y n amics of this relationship and t o i n vestigate t he d egree to w h i c h A g u l h as eddies are a ected by v ariations of the large-scale wind forcing a n d b y low-frequency variations of gyre-scale circulation.
A second m o d e o f i n terannual variability w as identi ed in the Brazil-Malvinas Con uence region. This mode corresponds to m eridional variations of the l a titude o f t he con uence and t o v ariations in the l ocal distribution of eddy variability. V ariations in this mode occur on timescales of 2{3 years. Sea level elds indicate t hat t his mode is linked to t ime-dependent changes of the surface velocity o f t he Malvinas Current. The m aximum o f e d d y v ariability i s i n tense and spatially compact when the m o d al analysis suggests that t he M a l v i n as Current is anomalously weak and the con uence is displaced to t he s o u th. In years when the con uence is displaced to t he north, the region of high variability is more geographically dispersed and variability i s m uch larger along t he o s h ore extension of the Brazil Current.
The o ptimistic o u tlook for the continued operation of the T / P s a tellite a n d t he a n ticipatedlaunch o f o t her satellite a l timeters indicate t hat d etecting a n d i n terpreting v ariations of ocean circulation on interannual and l o n ger timescales will be a primary focus of future altimetric investigations. Long d ata s e t s, such a s that a vailable from T/P, are essential for resolving interactions between ocean processes on a broad range of spatial scales. A particular advantage of satellite a l timetry is its a bility t o r e s o l v e l o w-frequency variations of basin-scale circulation, as well as low-frequency variations in the s t atisti c s o f m esoscale variability. F ew in situ d ata s e t s h ave t he s p a tial coverage and t emporal resolution needed for studies of multiscale ocean interactions on interannual timescales.
A principal result o f t his study is the i s o l a tion of links between large-scale and m esoscale variability o f South A tlantic circulation. This variability m ay contribute t o l o w-frequency changes of the w ater mass properties of the basin and t o c hanges of South A tlantic dynamics on interannual timescales. Questions regarding t hese larger issues will be addressed as additional altimeter data are collected and i n a p l a n n ed series of numerical process studies. The T/P ground tracks are plotted as thin white l i n es. Note t hat t he d etails of circulati o n i n t he b o u ndary current regions (e.g., the Brazil-Malvinas Con uence and t he Agulhas Retro ection) are not resolved by t he smoother used to g r i d t he t ime-mean eld or by t he geoid. The size of each symbol indicates the m aximum lagged cross correlation between the t wo t ime series used to produce the e s t imate larger symbols represent cases with h i g h er-quality e s t imates. The r a n ge of phase speed estimates obtained for a given latitude i s t he r e s u l t of noise in individual estimates as well as systematic variations of phase speed across the basin (also see Figure 6a ). of the bar along t he x axis corresponds to t he t ime i n terval over which t he e d d y w as tracked. At each t ime, the s h ading o n t he bar corresponds to t he r a tio between the eddy amplitude a n d t he amplitude o f v ariability i n a region within 3 latitude a n d longitude o f t he eddy. D a r ker shades correspond t o b e t ter eddy-tracking conditions. The triangles show t he t ime a t which e a c h eddy crossed the W alvis Ridge. Note t hat t he rst two eddies crossed the W alvis Ridge before the beginning o f t he d ata set. Figure 9 . Agulhas eddy trajectories computed from the T/P data for 1993, 1994, 1995, and 1996 . The observed location of each eddy is marked with a symbol each eddy is plotted as a di erent s h ade. Note t he c hange from a broad Agulhas eddy corridor for 1993 and 1994 to a n arrower corridor in 1996. In 1996, the e d d y n ear 10 E, 25 S was detected late i n t he y ear and m ay suggest a return to a broader eddy corridor in 1997. Figure 10 . Anomalies of zonal (solid line) and m eridional (dashed line) geostrophic velocity components reconstructed fromthe rst EOF of basin-scale sea level variability (see Plate 1). Velocity c o m p o n ents a r e a veraged in a region northwest of the Cape Basin (10 W{10 E, 20 S{30 S). The t ime-mean ow i n t his region is to t he n o r t hwest (see Figure 1) . Negative z o n al velocity anomalies reinforce the z o n al component o f t ime-mean ow positive zonal velocity anomalies oppose the z o n al component o f t he t ime-mean ow.
